Avian embryos undergo extremely rapid development over a relatively short period of time, and so are likely to suffer high levels of oxidative damage unless this is mitigated by sufficient maternal allocation of appropriate antioxidants. At a species level, it is therefore predicted that antioxidants should be allocated to eggs according to the rate of embryonic growth, such that eggs containing embryos that grow faster are furnished with higher antioxidant levels, independent of egg size. We tested this prediction for three potentially important classes of dietary-derived yolk antioxidants: carotenoids, vitamin E and vitamin A. Across species, we found positive relationships between embryonic growth rate and total yolk levels of each of the three antioxidant classes. Moreover, there were consistent differences in antioxidant provision between pairs of species that share a common initial egg mass yet have differing rates of embryonic growth, such that the eggs of the faster-developing species have higher levels of carotenoids and vitamin E. These results may explain the marked interspecific variation in antioxidant provision and provide evidence for the role that these antioxidants play during embryonic development.
Introduction
Avian embryos undergo extremely rapid development over a relatively short period of time. Prenatal growth is directly associated with the production of reactive oxidative metabolites and free radicals, which are by-products of normal metabolism and which can cause extensive damage to DNA, proteins and lipids (i.e. oxidative stress; [1] ). Rapidly growing embryos are therefore likely to suffer high levels of oxidative damage unless this is mitigated by sufficient levels of appropriate antioxidants [2, 3] .
Dietary-derived antioxidants, such as carotenoids and vitamins E and A, deposited in egg yolk may reduce oxidative stress in developing embryos by deactivating oxidative metabolites and free radicals [2] . Vitamin E, particularly a-tocopherol, is considered to be one of the most effective dietary-derived antioxidants [2, 4] and is therefore thought to be particularly important during growth [5] . Indeed, maternal supplementation with vitamin E has been shown to reduce oxidative stress in hatchlings [6] . In addition, carotenoids and vitamin A are also known to have antioxidant effects in vitro and in vivo [7] , and the antioxidant properties of carotenoids in particular have repeatedly been shown to be important during growth and development [8] , although the antioxidant role of carotenoids is not without controversy and may be less important than often assumed [9] . Maternal allocation of these antioxidants to egg yolk may therefore constitute a strategy to minimize oxidative damage to developing embryos [10] .
However, growth rates, and hence potentially antioxidant requirements, vary markedly between bird species. Although eggs of the same initial mass produce hatchlings of equal weights, i.e. hatchling mass is always approximately 70% of the initial egg mass, irrespective of phylogeny or developmental maturity [11] , the rate of development is influenced by the duration of incubation, which is phylogenetically constrained [12] . As a result, eggs of the same initial mass can produce hatchlings that have grown at considerably different rates: the 50 g egg of a mallard (Anas platyrhynchos), for example, develops over an incubation period of approximately 26 days compared with approximately 53 days for the 50 g egg of the phoenix petrel (Pterodroma alba) [12, 13] . At a species level, it is therefore predicted that antioxidants should be allocated according to the rate of embryonic growth, such that eggs containing embryos that grow faster are furnished with higher antioxidant levels. This leads to two specific predictions: first, there will be a positive relationship between embryonic growth rate and the quantity of antioxidants allocated to egg yolk. Second, for any two species that share a common initial egg mass, yet have differing rates of embryonic growth, the eggs of the faster-developing species will have higher levels of antioxidant provision.
Material and methods
Data on yolk concentrations of total carotenoids, vitamin A and vitamin E (calculated as the summed concentrations of d-, g-, and a-tocopherol) obtained from Biard et al. [14] were cross referenced with egg and yolk mass data, and data on developmental mode for a variety of bird species collated from the literature [15] . Data for both antioxidant concentration and egg components were available for a total of 39 species from 12 orders (figure 1), although sample sizes were slightly reduced for analyses including vitamin E (n ¼ 37) and vitamin A (n ¼ 32). Total yolk levels of each antioxidant (mg) were calculated by multiplying the reported concentration (mg g
21
) by the mean mass of the yolk (g) for each species. We focus on the total available antioxidants, rather than their concentration, as this represents the antioxidants available to the embryo during growth. Embryonic growth rate (g day -1 ) was assumed to correspond to the mass of the hatchling (g), which is 70% of the initial egg mass [11] , divided by the incubation period for that species (days; see electronic supplementary materials, table S1). Total antioxidant and growth rate data were normalized using a log transformation prior to analysis.
The relationships between embryo growth rate and yolk antioxidant levels were tested using both general linear models and, to account for autocorrelation from phylogenetic non-independence, phylogenetic generalized least-squares models (PGLMs) [17, 18] . In both types of model, developmental mode (altricial, semi-altricial, semiprecocial or precocial) was controlled for by including it as a fixed factor. For the PGLMs, we used a phylogeny of birds resolved to the species level [12] based on the phylogeny produced by Hackett et al. [16] . All analyses were conducted in R 2.15.2 [19] .
A bootstrap randomization procedure [20] was used to test whether there were differences in antioxidant allocation and yolk mass between pairs of species that have approximately equal initial egg masses yet differ in embryonic growth rate. Specifically, we randomly paired species that differed in egg mass by less than a given percentage (here, we tested all whole percentages between 5 and 15%) and calculated the difference in total antioxidant levels or yolk mass between the species of each pair having the fastest growth rate and the species with the slowest growth rate. This process was repeated 10 3 times. Under the assumption that mean differences should be greater than 0 if species with the fastest growth rate also allocate higher levels of total antioxidants to egg yolk, or have the largest yolks, bootstrap p-values were obtained by calculating the proportion of difference values less than or equal to 0 [20] . Results are presented for a 10% difference in egg mass, although they are qualitatively identical for all egg mass differences between 5 and 15%.
Results
Over all species, embryonic growth rate significantly predicted the total amount of carotenoids (GLM: F 1,34 ¼ 57.10, p , 0.001; PGLM controlling for phylogenetic non-independence: F 1,34 ¼ 45.85, p , 0.001), vitamin E (F 1,32 ¼ 138.14, p , 0.001; F 1,32 ¼ 70.50, p , 0.001) and vitamin A (F 1,27 ¼ 65.65, p , 0.001; F 1,27 ¼ 17.88, p , 0.001) allocated to the yolk. Hence, fastergrowing embryos developed in eggs furnished with higher total levels of all three antioxidants (figure 2), regardless of their developmental strategy. These results are qualitatively identical if egg mass is included as a covariate, with growth rate significantly predicting antioxidant allocation in all cases (all p , 0.02; see electronic supplementary materials, tables S2-S7).
For comparisons of species pairs that had approximately equal initial egg masses, yet differed in embryonic growth rate, total levels of carotenoids and vitamin E, but not vitamin A, were all significantly higher in the species of the pair that had the faster growth rate (mean + s.d. differences, carotenoids: 170.8 + 33.5 mg, bootstrap p , 0.001; vitamin E: 212.0 + 28.5 mg, p , 0.001; vitamin A: p . 0.05). Differences in total antioxidants do not result from differences in yolk mass between pairs of species growing at high and low rates (mean + s.d. difference in yolk mass, 0.09 + 0.24 g; p ¼ 0.361). Figure 1 . Assumed phylogenetic relationship between the avian species used in the present analyses, as derived from the phylogenetic analysis reported by Hackett et al. [16] .
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Discussion
It has long been known that egg composition varies markedly between bird species [21] [22] [23] [24] [25] , and recent evidence demonstrates that this holds for specific components of the egg, for instance antioxidants [14] . One possible explanation for the observed interspecific variation in antioxidant provision is that allocation of these antioxidants to egg yolk acts to minimize oxidative damage to rapidly developing embryos [10] . It was therefore predicted that, at a species level, antioxidants should be allocated to egg yolk according to the rate of embryonic growth, such that the eggs containing embryos that grow faster are furnished with higher antioxidant levels.
The results of this study confirm this prediction by showing positive relationships between growth rate and total yolk levels of three potentially important classes of antioxidants (with and without controlling for phylogenetic non-independence between species). In addition, the results directly demonstrate higher levels of carotenoids and vitamin E in the eggs of species with faster-growing embryos, after egg mass was controlled. As an example, the Sooty Tern (Onychoprion fuscatus) has an initial egg mass of 36.7 g and a growth rate of 0.89 g day 21 , and it allocates 279.8 mg of carotenoids to the yolk. By contrast, the Eurasian coot (Fulica atra), which has an initial egg mass of 36.5 g and a 25% faster growth rate of 1.11 g day 21 , allocates markedly more carotenoids (a total of 1180.2 mg) to its yolk. Similar relationships existed, on average, for all pairs of comparable species. It is interesting that the best support for our hypothesis comes from analyses involving total carotenoids and vitamin E. Given that these two classes of antioxidant appear to act synergistically [2, 8] , females may need to exert tight control over their relative allocation in order to ensure effective antioxidant protection.
Owing to their likely scarcity in natural diets [2, 26] , evidence suggests that the allocation of carotenoids (and potentially other antioxidants) is costly for females [27] . This may explain why we found such a tight linkage between embryo growth rates and antioxidant allocation: while underallocation may be detrimental for developing embryos, overallocation (which, if it occurred, would weaken the relationship with growth rate) may incur significant costs for females. Our results also highlight the potential importance of carotenoids for developing embryos, which may reflect the elevated requirement for antioxidants during this, if not other [9] , life-history stages. rsbl.royalsocietypublishing.org Biol Lett 9: 20130757 
